All general anesthetics markedly impair thermoregulatory responses; nonetheless, sufficient hyperthermia or hypothermia will trigger most protective reflexes. Shivering, however, remains an exception among thermoregulatory responses: it is common during postanesthetic recovery, but is rare at typical anesthetic concentrations. This observation suggests that general anesthesia impairs shivering far more than other thermoregulatory defenses. Accordingly, we tested the hypothesis that low concentrations of isoflurane and sevoflurane would virtually obliterate shivering. Japanese white rabbits were anesthetized with isoflurane or sevoflurane at end-tidal concentrations of 0.2,0.3, and 0.4 minimum alveolar anesthetic concentration (MAC) (n = 6 in each group); the normal core temperature for these rabbits is -39°C. Core temperatures were subsequently reduced by a water-perfused thermode positioned in the colon. The core temperature triggering shivering identified the threshold for this response.
All general anesthetics markedly impair thermoregulatory responses; nonetheless, sufficient hyperthermia or hypothermia will trigger most protective reflexes. Shivering, however, remains an exception among thermoregulatory responses: it is common during postanesthetic recovery, but is rare at typical anesthetic concentrations. This observation suggests that general anesthesia impairs shivering far more than other thermoregulatory defenses. Accordingly, we tested the hypothesis that low concentrations of isoflurane and sevoflurane would virtually obliterate shivering. Japanese white rabbits were anesthetized with isoflurane or sevoflurane at end-tidal concentrations of 0.2,0.3, and 0.4 minimum alveolar anesthetic concentration (MAC) (n = 6 in each group); the normal core temperature for these rabbits is -39°C. Core temperatures were subsequently reduced by a water-perfused thermode positioned in the colon. The core temperature triggering shivering identified the threshold for this response.
Five of the six rabbits given 0.2 MAC isoflurane shivered at a mean core temperature of 36.3 + 0.3"C (mean 2 SD), and one rabbit failed to shiver at a minimum core temperature of 35.O"C. Four of the six rabbits given 0.3 MAC isoflurane shivered at a mean core temperature of 36.2 -C 0.6"C, and two of these rabbits failed to shiver at a minimum core temperature of 35.O"C. However, no rabbit given 0.4 MAC isoflurane shivered, even at minimum core temperatures of 35.O"C. All of the rabbits given 0.2 MAC sevoflurane shivered at a mean core temperature of 36.6 t 0.7"C. Three of the six rabbits given 0.3 MAC sevoflurane shivered at a mean core temperature of 35.8 + 0.3"C, and three of these rabbits failed to shiver at a minimum core temperature of 35.O"C. Only one rabbit given 0.4 MAC sevoflurane shivered at a core temperature of 35.2"C. At least in rabbits, low concentrations of volatile anesthetics profoundly impair shivering.
( tested the hypothesis that low concentrations of two volatile anesthetics-isoflurane and sevoflurane-would virtually obliterate shivering over the typical range of intraoperative core temperatures.
Methods
With approval from Yamanashi Medical University, Committee on Animal Research, we studied 24 male Japanese white rabbits, weighing 2.7-3.8 (mean 3.0) kg. Day-time core temperature in these rabbits is usually -39°C. Ambient temperature was maintained near 24-26°C throughout each study. The animals were anesthetized by inhalation of isoflurane or sevoflurane (l-2 minimum alveolar anesthetic concentration [MAC] end-tidal concentration) and 67% nitrous oxide in oxygen (NORMAC AA-102; Datex Medical Instrumentation, Inc., Tewksbury, MA). A femoral venous catheter was then inserted, and 2-3 mL * kg-' * h-' of lactated Ringer's solution infused throughout the protocol.
Each rabbit was intubated with a 3-mm endotracheal tube, and subsequently allowed to breathe spontaneously. Nitrous oxide was discontinued, and the end-tidal concentration of isoflurane or sevoflurane adjusted to 0.2, 0.3, and 0.4 MAC (n = 6 for each anesthetic at each dose) (18). The animals were loosely restrained in an experimental chamber during the study. The core was cooled at a rate of 2-3"C/h by perfusing water at 10°C through a U-shaped thermode positioned in the colon.
Core temperatures were recorded from the distal esophagus (MGA 3-219; Nihon Kohden, Tokyo, Japan) at 1-min intervals with a laboratory computer (PC-9801; NEC, Tokyo, Japan>. Shivering was evaluated by inspection, as previously reported (19). Sustained, vigorous shivering was considered physiologically significant. The core temperature triggering significant shivering identified the thermoregulatory threshold for this response.
Morphometric, hemodynamic, and respiratory responses at the time of shivering were compared using one-way analysis of variance and Student-NewmanKeuls tests. Shivering thresholds at 0.2 and 0.3 MAC and the lowest core temperature without shivering at 0.4 MAC were similarly compared. Data are expressed as means + SD; P < 0.05 identified statistically significant differences.
Results
Morphometric, hemodynamic, and respiratory responses at the time of shivering did not differ significantly among the tested isoflurane or sevoflurane concentrations (Table 1) .
Five of the six rabbits given 0.2 MAC isoflurane shivered at a mean core temperature of 36.3 2 0.3"C, and one rabbit failed to shiver at a minimum core temperature of 35.O"C. Four of the six rabbits given 0.3 MAC isoflurane shivered at a mean core temperature of 36.2 + 0.6"C, and two of these rabbits failed to shiver at a minimum core temperature of 35.O"C. However, no rabbit given 0.4 MAC isoflurane shivered, even at minimum core temperatures of 35.O"C. The shivering thresholds at 0.2 and 0.3 MAC did not differ significantly, but both values differed significantly from the lowest core temperature without shivering at 0.4 MAC (Fig. 1) .
All of the rabbits given 0.2 MAC sevoflurane shivered at a mean core temperature of 36.6 t 0.7"C. Three of the six rabbits given 0.3 MAC sevoflurane shivered at a mean core temperature of 35.8 + 0.3"C, and three of these rabbits failed to shiver at a minimum core temperature of 35.O"C. Only one rabbit given 0.4 MAC sevoflurane shivered at a core temperature of 35.2"C. The shivering thresholds at 0.2 and 0.3 MAC differed significantly, and both values differed significantly from the lowest core temperature without shivering at 0.4 MAC (Fig. 2) . 
Discussion
Shiver-like tremor is a common (17) and potentially serious (20-23) consequence of intraoperative hypothermia. Although some of the tremor manifests abnormal 5-~-HZ clonic electromyographic patterns, most is normal thermoregulatory shivering triggered by core hypothermia and preceded by thermoregulatory vasoconstriction (24). In humans allowed to become 1.5"C hypothermic during anesthesia, postanesthetic shivering was not observed at end-tidal isoflurane concentrations exceeding 0.4% (0.3 MAC), and peaked between 0.3% and 0.2% (24). However, it was not possible to clearly define shivering thresholds in that study because the rapid decrease in end-tidal isoflurane concentration coincided with a rapid increase in core temperature.
The rabbits in our current study were considerably more hypothermic than the humans we evaluated previously (24). Nonetheless, the results were similar: shivering was not observed at end-tidal concentrations 20.4 MAC. Thermoregulatory control systems are thought to have developed incrementally, with a resulting caudal-to-cephalad hierarchy of increasingly precise control systems. Shivering, however, may be an exception: considerable evidence suggests that this thermoregulatory response-unlike others-is largely controlled by the spinal cord (25, 26) . Consistent with this theory, anesthetic-induced inhibition of shivering apparently results in part from dose-dependent alterations of afferent thermal processing at the level of the spinal cord (27) .
In previous studies, we have used electromyography (24) and oxygen consumption (28) to quantify shivering. However, we inevitably found the shivering threshold during deliberate core cooling easy to detect by simple observation. Consistent with our previous experience (19), onset of muscular thermogenesis was distinct in all animals in whom it occurred, and rapidly progressed to unmistakable, vigorous shivering (i.e., the gain of shivering is high). We consequently doubt whether our results would differ significantly had we specifically quantified shivering.
The central thermoregulatory system integrates both skin and core temperatures; consequently, sufficient perturbation in either can initiate protective responses. In humans, cutaneous temperature provides a linear, -20% contribution to thermoregulatory control of shivering (29). However, cutaneous contributions appear to be substantially less in smaller species, presumably because environmental temperatures are rapidly transmitted to the core in species with high surface area-to-mass ratios.
We did not measure skin temperature in our rabbits. However, the fur coat was left intact and the core cooled by an intestinal thermode. It is therefore unlikely that skin temperature decreased much during the protocol. Furthermore, skin temperature presumably decreased in proportion to core cooling, and must have been lowest in the coldest animals. Such reduction in cutaneous temperature would have aggravated shivering-making the observed profound inhibition by isoflurane concentrations ~0.4 MAC all the more impressive.
MAC decreases =4% per "C reduction in core temperature in rats (30). Effective anesthetic potency therefore presumably increased slightly over the range of temperatures we studied. As in previous ET AL. ANESTH ANALG ISOF'LURANE AND SEVOF'LURANE REDUCE THE SHIVERING THRESHOLD 1995; 81:5814 investigations, we did not alter administered anesthetic concentration as a function of core temperature because it remains unknown whether thermoregulatory inhibition and MAC are similarly altered. In any case, small differences in anesthetic potency are unlikely to explain the observed profound inhibition of shivering.
The generally hierarchical structure of the system (31) and precision of central thermoregulatory control is well preserved in virtually all mammals. Different species, however, mobilize various protective mechanisms in response to thermal stress. Consequently, responses in humans may differ considerably from those in rabbits; our results should therefore be extrapolated to humans with caution.
In 
